ABSTRACT The role of thyroid hormones in the expression of photosensitivity-photorefractoriness in female turkeys was investigated through the use of an antithyroidal agent, 6-n-propyl-2-thiouracil (PTU). In experiment 1, females held continuously from hatch on long day lengths (16L:8D; LD) and fed 0.1% PTU from 0 to 16 wk, began laying eggs at 26 wk of age, peaking at 75% hen-day egg production by 29 wk, whereas controls initiated lay 3 wk earlier but only achieved less than 50% hen-day egg production. In experiment 2, PTU treatment from 10 to 18 wk severely suppressed plasma triiodothyronine and thyroxine, as confirmed by RIA. Egg production of PTU and control hens held on LD from hatch began by 23 wk, with PTU hens reaching a substantially greater rate of lay than controls. Eggs were smaller initially in both treatments but exceeded 75 g by 28 wk. In experiment 3, recycled hens on short day lengths (8L:16D) received PTU for 2 wk before LD and 12 wk thereafter; a subset of these hens was killed after 48 h of LD for immunohistochemical analysis of fos-related antigen (FRA) expression in the tuberal hypothalamus as a marker of photoinduced neuronal activity. The PTU treatment completely forestalled egg production until its withdrawal; egg production then rose sharply to control levels before resuming, along with controls, a typical seasonal decline. The PTU treatment did not impair photoinduced FRA expression. Together, these results demonstrate the following: 1) that a period of pharmacological suppression of triiodothyronine and thyroxine can substitute for short day exposure in conferring photosensitivity on juvenile-aged turkeys (and is actually superior to short day exposure), 2) that reproductive development does not limit egg production of turkey hens photostimulated as young as approximately 20 wk of age, and 3) that effects of thyroid suppression on photostimulation lie downstream of photoinduced FRA expression. Taken together, these results suggest that there is ample physiological potential to substantially advance the age of photoinduced egg production in commercial flocks.
INTRODUCTION
Turkey breeder hens require exposure to short day lengths (SD) to terminate photorefractoriness (PR) and become photosensitive in order for them to be fully responsive to long day length (LD)-induced egg production. Also, thyroid hormones are essential for photoinduced egg production (Lien and Siopes, 1989) as well as being important for growth and development in vertebrates (May, 1989; Norris, 2007) .
When exposed to LD continuously from hatch, turkeys are capable of initiating egg production (an operational definition of sexual maturity-puberty) by 21 to 22 wk of age, but subsequent production is substandard as compared with commercial expectations (Yang et al., 1999; Siopes, 2000 Siopes, , 2009 . In commercial practice, hens are typically photostimulated for egg production later, at 29 to 30 wk of age, inducing egg production 2 to 3 wk later. Thus, the potential exists to advance the age of photoinduced egg production by several weeks, particularly if the basis for substandard egg production was better understood.
Both long days and thyroid hormones are required for photoinduced egg production in turkeys, whereas thyroidectomy blocks photoinduced egg production (Lien and Siopes, 1989) . It is well established that both LD and thyroid hormones are also required for the development and maintenance of PR and the resulting cessation of reproduction in several avian species, including turkeys (Nicholls et al., 1988; Bentley, 1997; Siopes, 1997; Wilson and Reinert, 2000) . Anti-thyroid compounds, because they are less invasive and allow for transient and reversible effects on thyroid function, provide an attractive alternative to surgical approaches for studying thyroid effects on reproduction and PR. We demonstrated that the antithyroid compound 6-npropyl-2-thiouracil (PTU) can be used to terminate PR and photosensitize adult turkey breeder hens. Thus, PTU treatment can be used to recycle hens into a new production period even while hens are held continuously on LD (Siopes, 1997) . Thus, PTU terminates PR in adult turkey hens and allows the recovery of photosensitivity so that subsequent removal of PTU is followed by photoinduced egg production.
Juvenile female turkeys require a period of SD exposure to enable photoinduction of a commercially normal rate of egg production. Hens will lay some eggs if exposed to LD continuously from hatch, but, as noted, the production level is substandard. During development, turkeys are not absolutely but only relatively or partially photorefractory. Presumably they are either photorefractory from hatch or PR is programmed soon after hatch by the co-occurrence of LD and thyroid hormones. Photorefractoriness then blocks sexual development and initiation of ovulation indefinitely. In addition, for birds first photosensitized by a period of SD exposure and then photostimulated, PR eventually reduces photosensitivity, causing the cessation of egg production.
Recently, we reported that exposure to SD from hatch to 16 wk of age followed by photostimulation with LD did not induce egg production: turkey hens remained PR (Siopes, 2009 ). However, a normal rate of egg production did occur when photostimulation occurred as early as 24 wk of age. The age at full photoresponsiveness to LD was determined by the development time needed for the effect of SD to photosensitize the birds. Because thyroid hormones are intimately involved with photoresponsiveness and developmental processes, their manipulation can provide insight into the regulation of photoinduced egg production. The objective of the present experiments was to impose a period of pharmacological suppression of thyroid hormones by the antithyroid compound PTU and examine effects on photoinduced egg laying, egg weight, BW, thyroid hormone levels, and hypothalamic expression of fos-related antigens (FRA) in growing or adult, or both, turkey breeder hens.
MATERIALS AND METHODS

General
Poults were obtained from commercial breeder sources and current commercial guidelines were followed except as noted below. Three experiments were conducted using female line Large White breeder hens maintained in floor pens within an enclosed building. The pens were identical within an experiment and were not temperature-controlled but were contained within an insulated and mechanically ventilated building. Lighting was by incandescent lamps at a mean light intensity of about 54 lx at turkey head height. Light was controlled by mechanical clocks and electronically recorded to validate control. Feed and water were available for ad libitum consumption at all times.
The antithyroid compound PTU (Sigma Chemical Co., St. Louis, MO) was mixed in finely ground ration (mash) and given to the hens for the specific periods of their treatments. Blood sampling by venipuncture was done during the treatment period to obtain plasma for the assessment of the antithyroid treatment by RIA of thyroid hormones. Plasma fractions were separated and frozen at −20°C until assayed. Plasma concentrations of thyroxine (T 4 ) and triiodothyronine (T 3 ) were measured in duplicate using RIA kits (Siemens Healthcare Diagnostics Inc., Diagnostic Products Corp., Los Angeles, CA) validated for turkey plasma. The sensitivity of this assay was 0.6 ng/mL for T 4 and 0.5 ng/mL for T 3 . Interassay CV were 7.8 and 5.3% for T 4 and T 3 , respectively (Siopes, 1997) .
Experiment 1
This experiment was done to determine whether a dose of PTU (0.1% in feed) known to depress thyroid hormones and administered from 0 to 16 wk of age would influence egg production of birds maintained from hatch on long days. Poults were hatched in June and given a daily photoperiod of 16L:8D continuously from the day of hatch. Four of the birds were given 0.1% PTU in the feed from hatch to 16 wk of age and 6 birds served as controls, receiving the same mash but without PTU. At 8 wk of age, the birds were placed in individual pens. At 16 wk of age, BW were taken, the PTU treatments were stopped, and both groups of birds received a typical layer ration for the remainder of the experiment. Egg production was recorded daily.
Experiment 2
This experiment essentially repeated experiment 1, but the period of PTU treatment occurred from 10 to 18 wk of age. This shortened the PTU treatment period but maintained a sufficient duration of PTU treatment to have an effect on photoresponsiveness (Siopes, 1997) . Also, the treatment period encompassed a normal peak in plasma thyroid hormone levels that occurs between 12 and 16 wk of age in developing turkeys (Siopes, unpublished data) . In addition, in contrast to experiment 1, ending PTU treatment at 18 wk is closer to the earliest potential time of sexual maturation and puberty (22 to 23 wk of age) in turkeys (Siopes, 2009) .
Poults were hatched in June and given a daily photoperiod of 16L:8D continuously from the day of hatch. Birds were given 0.1% PTU in grower feed from 10 to 18 wk of age, whereas control hens received the same grower feed but free of PTU. In both groups, the birds were held in 5 floor pens, each containing 2 to 3 birds. At 18 wk of age, all hens received a pelleted breeder layer ration for the remainder of the experiment. Data were collected for BW, egg weight, daily egg production, and plasma for thyroid hormone determination.
Experiment 3
This experiment tested the necessity of thyroid hormones for photostimulated egg production and the effectiveness of PTU in blocking egg production in adult hens known to be fully photoresponsive. In addition, egg production after the termination of the PTU treatment was evaluated. Yearling hens were recycled for a second lay period. The hens were given a daily photoperiod of 8L:16D for 15 wk to induce a full molt, terminate PR, and reestablish full photosensitivity. The hens were then photostimulated with 16L:8D to induce egg production. A dose of 1.0% PTU was given in layer ration for the last 2 wk of SD treatment and for the first 12 wk of LD photostimulation; control hens received an identical feed but without PTU. This treatment period was designed to have thyroid hormones suppressed at the time of photostimulation and to sustain the suppression during a time of putative programming of PR by LD (Siopes and Proudman, 2009) . At the termination of PTU treatment, both diets were replaced by pelleted breeder layer ration for the remainder of the experiment. There were 5 hens in individual pens in the PTU treatment group and in a control group receiving the same type feed but without PTU. Data were collected for determination of plasma levels of thyroid hormones, daily egg production, biweekly BW, and biweekly feed consumption during the PTU treatment and monthly thereafter. An additional group of 7 hens was treated with 1.0% PTU during the last 4 wk of 8L:16D and for 48 h of photostimulation before being killed for immunohistochemical analysis of FRA expression. Mediobasal hypothalami were collected and analyzed as reported earlier (Millam et al., 2003) . The immediate early gene c-fos and FRA allowed identification of cells in the brain that were photoactivated very early in the photoreception process (Meddle and Follett, 1997) . These hens were compared with photosensitive hens exposed to SD only.
A 1-way ANOVA was used to evaluate the treatment effects among experiments using the GLM procedure of SAS software (SAS Institute, 2005) . The least squares means option was used to estimate significant differences among treatment means. Statements of statistical significance are based on P ≤ 0.05 unless specified otherwise.
RESULTS
Experiment 1
Body weight at the end of the 16-wk treatment period was 7.1 ± 0.5 kg versus 6.3 ± 0.6 kg (mean ± SEM) for the control and PTU-treated hens, respectively. Control hens started lay at 23 wk of age as compared with 26 wk for the PTU-treated hens (Figure 1 ). Subsequent egg production of control hens increased rapidly until 24 wk of age then remained between 36 and 47% henday egg production. Hen-day egg production of PTUtreated hens increased to peak at 75% at 29 wk of age and remained at or above 47% thereafter. All hens in both treatments laid eggs.
Experiment 2
One of 5 pens of control hens started laying eggs at 23 wk of age and hen-day egg production gradually increased to peak at 46.7% at 35 wk of age (Figure 2 ). Twelve of 14 control hens produced eggs. Four of the 5 pens of PTU-treated hens laid eggs by 23 wk of age and hen-day egg production increased sharply to peak at 61% by 25 wk of age. All 15 of these hens laid eggs and they maintained a rate of production between 50 and 63% for most of the experiment.
Body weight was similar between treatments at the start but differed by the end (10 wk, 4.1 vs. 4.1 kg; 18 wk, 10.1 ± 0.2 and 9.0 ± 0.2 kg for control and PTU hens, respectively). By 30 wk of age, the PTU hens still had a smaller BW than did controls (10.9 ± 0.3 and 13.9 ± 0.4 kg, respectively). In a previous report, similarly treated adult hens recovered BW within 8 wk post-PTU treatment (Siopes, 1997) .
At the start of treatments, mean plasma T 4 and T 3 were 8.1 and 1.4 ng/mL, respectively (Table 1) . After 4 wk of PTU treatment, each of these levels dropped to 0.7 ng/mL and remained at that level until the end of the treatment period (8 wk total). Clearly, the PTU treatment all but eliminated circulating thyroid hormone levels.
Egg weights for eggs laid during the first 6 wk of lay and to 28 wk of age are presented in Figure 3 . Notably, egg production of control hens was low, as expected, and there was no significant difference in egg weight between treatment groups. Egg weight from the combined groups increased from an average of 62.2 g by 24 wk of age to 75.8 g in the 7-d period ending at 28 wk of age. Figure 4 shows plasma thyroid hormone levels for hens beginning PTU treatment 2 wk before photostimulation and continuing through the first 12 wk of photostimulation. The T 4 levels were nondetectable by 2 wk of treatment and thereafter. The T 3 levels followed a similar pattern but were barely detectable. Within 2 wk of removal of PTU, both T 4 and T 3 returned to control levels. Body weight was similar between the treatment groups throughout the PTU treatment period, ranging from 12.1 to 13.6 kg, and feed consumption during this period was significantly reduced in the PTU-treated hens (mean ± SEM for 6 separate measurement periods was 13.5 ± 0.9 vs. 21.4 ± 1.6 g/kg of BW per d). After removal of PTU, feed consumption steadily increased to that of controls and remained similar to controls thereafter. Figure 5 depicts egg production of the 2 treatment groups by week of photostimulation (top panel) and by weeks of lay (bottom panel). Propylthiouracil completely blocked egg production during the treatment period ( Figure 5, top) . Upon release from PTU treatment, hen-day egg production began within 4 wk and rose sharply to peak at 82% after 6 wk. The onset, peak, and rate of egg production by PTU hens were similar to controls when compared on a weeks of lay basis (Figure 5, bottom) . Mean (±SEM) cumulative eggs per hen for the control versus PTU-treated hens at 20 and 30 wk of egg production were 90 ± 11.7 versus 95 ± 7.4 eggs and 132 ± 14.3 versus 124 ± 18.1 eggs, respectively. Figure 6 illustrates typical FRA expression induced by 48 h of 16L:8D photostimulation in control and PTUtreated hens. Under SD (panel A), FRA expression is minimal and only background staining is evident. In sharp contrast, 48 h of photostimulation induced abundant FRA expression in control and PTU-treated hens throughout the median eminence and basal tuberal hypothalamus, particularly the ependymal region; PTU treatment exerted no detectable effect on the FRA response.
Experiment 3
DISCUSSION
A dogma of turkey reproduction is that hens have a requirement for SD exposure in the prelay period, Table 1 . Mean (±SEM) plasma thyroxine (T 4 ) and triiodothyronine (T 3 ) concentration of developing hens at the start (10 wk), middle (14 wk), and end (18 wk) of treatment with 6-n-propyl-2-thiouracil (PTU) at 0.1% of the ration in experiment 2 *Indicates statistically significant differences from controls.
Figure 3. Egg weights in experiment 2 for all eggs laid during the first 6 wk of egg production for hens treated with 0.1% propylthiouracil (PTU) in the ration from 10 to 18 wk of age. • = control; ○= PTU-treated. during which short days photosensitize hens for subsequent LD photostimulation and egg production. But, the results of the first 2 experiments clearly show that juvenile-age turkeys can initiate egg production as early as 23 wk if exposed to LD continuously from hatch. There is only sparse documentation of this result in the literature (Yang et al., 1999; Siopes, 2000 Siopes, , 2009 and our data provide further support. In commercial practice, egg production commences about 3 wk after photostimulation at 29 to 30 wk of age; earlier ages of lighting slightly delay onset of lay. This implies that hens in experiment 1 and 2 were photostimulated as early as 19 to 20 wk of age, which is likely a developmental limit for the age at lighting. Contrary to dogma, such turkeys can lay eggs without prelay exposure to SD, although the subsequent egg production is substandard. Therefore, the stated dogma must thus be qualified: hens have a requirement for prelay SD exposure for optimal egg production.
The results of experiments 1 and 2 are consistent with developing turkeys expressing relative or partial rather than absolute PR; therefore, they show reduced photoresponsiveness to long day-induced egg production. A more complete reversal of juvenile PR therefore has the potential to substantially advance the typical age (29 to 30 wk) at which commercial flocks are now photostimulated. Photoresponsiveness can be altered by manipulation of day length or thyroid hormones, or both. Enhancement of photoresponsiveness is conventionally achieved in commercial flocks by exposing hens to SD during the immediate prelay period. However, pharmacological manipulation of thyroid hormones can achieve the same effect as do SD (Siopes, 1997) . We recently reported the use of SD to photosensitize hens for successful photoinduction of egg production as early as 24 wk of age but not 16 wk of age (Siopes, 2009) .
Are thyroid hormones involved in restricting responses to long day-induced egg production at ages younger than 24 wk? We would expect this to be the case considering their recognized involvement in photoresponsiveness in older hens and the role of thyroid hormones in growth and development generally. Results of experiment 1 and 2 using the antithyroidal agent PTU to induce transient hypothyroidism clearly show that thyroid hormones are limiting factors in the egg production response to LD in juvenile-aged female turkeys. In experiment 1, termination of PTU treatment at 16 wk resulted in a dramatic increase in egg production starting at 26 wk of age and peaking at over 70% by 29 wk of age. This response, the magnitude of which resembles commercial levels of egg production, shows the following: a) that hens at this age are developmentally capable of producing eggs and b) that thyroid hormones are limiting egg production, likely via an effect on the neuroendocrine system. The strong egg production generated in experiment 1 contrasts sharply with the absence of an egg production response when PTU treatment was replaced with SD treatment during the same time period (0 to 16wk) and LD photostimulation occurred at 16 wk of age (Siopes, 2009) . The influence of thyroid hormones thus seems much more potent than day length in influencing photoresponsiveness in juvenile-aged female turkeys.
A similar response to PTU occurred in experiment 2 (Figure 2) , when PTU was given during a more restricted treatment period of 10 to 18 wk of age. In this case, egg production was initiated and peaked even earlier, at 23 and 25 wk of age, respectively. The temporal limit on early initiation of egg production clearly has more to do with thyroid hormones than insufficient reproductive development. In this experiment, thyroid hormone levels were significantly suppressed for at least the time period from 14 to 18 wk of age (Table 1) , a suppression that was sufficient to significantly improve photosensitivity, presumably by neuroendocrine effects that terminated juvenile PR. Assuming a 3-wk lag between initial photostimulation and the initiation of egg Figure 4 . Mean weekly plasma thyroxine (T 4 ) and triiodothyronine (T 3 ) concentrations during and after a 14-wk treatment period with propylthiouracil (PTU) in the feed at a dosage of 1.0%. The PTU treatment period is indicated by the horizontal bar extending from 2 wk before photostimulation to 12 wk after photostimulation. n = 3 to 5 for each data point. Nondetectable levels, that is, T 4 and T 3 levels less than 0.6 and 0.5 ng/mL, respectively, are presented as zero levels. ○ = control; • = PTU-treated. production, these hens were sensitive to photostimulation by 20 wk of age. Egg production starting at 23 wk of age would be considered typical for hens photostimulated 3 wk earlier, as measured against typical commercial management protocols. Thyroid hormones are thus a limiting factor in the age at which breeder hens may initiate egg production. By suppressing circulating thyroid hormone levels, it was apparent that the hens had sufficient reproductive development for a robust egg production response by 23 to 24 wk of age. Recently, Siopes (2009) used light management alone to show that turkey hens can be photostimulated as early as 24 wk of age and produce eggs at commercial-like rates starting at about 27 wk of age.
A major limitation to advancing the age at photostimulation of turkeys for eggs has been a reduced egg weight and the present results are no exception (Figure 3) . Treatment with PTU did not alter egg size or appearance from that of controls, and egg weight was unacceptably small initially but steadily increased with age, as expected. By 27 to 28 wk of age, egg weight had reached an acceptable 75 g a full 5 wk before first eggs are laid by hens conventionally photostimulated at 29 to 30 wk of age.
Experiment 3 differed from the first 2 experiments by evaluating thyroid hormone effects on photoresponsiveness at the start of photostimulation in adult, fully photosensitive hens. Part of our goal was to confirm the necessity of thyroid hormones for photoinduced egg production reported by Lien and Siopes (1989) in thyroidectomized adult turkeys and to establish the effectiveness of PTU in transiently blocking photoinduced egg production. Hypothyroidism for the first 12 wk of photostimulation ( Figure 5 ) fully blocked photoinduced egg production. However, upon release from PTU, thyroid hormone concentrations returned within 2 wk to control levels and egg production resumed with a slightly delayed but otherwise control-like response. Therefore, thyroid hormones are required for egg production in turkeys and PTU can effectively and transiently block photoinduced egg production by effects on thyroid hormone concentrations.
We reported that a very early neural response to photostimulation of photosensitive turkey hens is induction of FRA immunoreactivity in the tuberal hypothalamus, as a marker of neuronal activity. This response was significantly reduced in photorefractory hens (Millam et al., 2003; Steinman et al., 2008) . Our present results show that PTU treatment did not alter the FRA response of photosensitive hens to long day stimulation ( Figure 6 ). The limiting effects of hypothyroidism on egg production thus occur downstream from photoinduced FRA activation. The PTU-treated hens also show photoinduction of deiodinase II mRNA, comparable to control hens (Steinman et al., 2008) . Thus, although PTU-treated hens are capable of generating a FRA response and increasing deiodinase II mRNA, they are apparently deprived of T 4 substrate for conversion into T 3 and initiating processes leading to retraction of glial endfeet and gonadotropin-releasing hormone I secretion.
Because thyroid hormones are essential for the establishment (programming) and maintenance of PR as well as egg production that occur after photostimulation, it was of interest to observe if the prolonged suppression of postlighting thyroid hormone levels influenced the development or expression, or both, of PR. If the programming of PR occurred acutely and within a narrow window of time after photostimulation, then PTU treatment would be expected to permanently disrupt programming. Siopes (1997) reported that PTUinduced transient hypothyroidism can terminate PR and effectively recycle yearling turkey breeder hens into a second lay period. But, release from PTU in experiment 3 resulted in egg production very similar to controls and there was a notable absence of persistence of lay that would be expected if PR had been disrupted; egg production declined at a comparable rate in both treatment groups. Further, testing for PR by exposing hens to a reduced photoperiod of 13L:11D from 45 to Figure 5 . The effect of treatment with 1.0% propylthiouracil (PTU) in the feed from 2 wk before photostimulation with a photoperiod of 16L:8D to 12 wk postlighting on photoinduced percentage henday egg production of turkey breeder hens. Comparisons of rate of egg production are by weeks of photostimulation (top) and by week of egg production (bottom). ○ = control, n = 5; • = PTU-treated, n = 4. 49 wk of photostimulation followed by 6 wk of 18L:6D revealed no differences in egg production between PTUtreated and control hens. Egg production declined significantly on 13L:11D and rebounded with reexposure to 18L:6D, a response indicating the presence of relative PR (Siopes, 2001 ). Clearly, PTU-induced hypothyroidism during the first 12 wk of photostimulation did not alter subsequent photoresponsiveness including the development of PR. Thus, programming of PR does not occur acutely, only within the first 12 wk of photostimulation. From Figure 5 , it seems clear that there was a suspension of responses to long days until the birds returned to a euthyroid condition. This supports an essential role for thyroid hormones in photoinduced egg production and is consistent with a permissive role Nicholls et al., 1988; Dawson, 1989; Dawson et al., 2001) for thyroid hormones, with LD, in initiating and maintaining PR.
It is known that a change in thyroid hormone levels after photostimulation is not required for subsequent PR; the hormone need only be present Proudman and Siopes, 2002) . In addition, our results show that it is not essential that thyroid hormones be present at the start of photostimulation, but in order for egg production and PR to occur, thyroid hormones and LD must coexist at some point. Because thyroid hormones, along with LD, have a maintenance function for egg production and PR, this mutual relationship must be continuous. For photoinduced egg production, this requires 3 to 4 wk minimal exposure to LD and thyroid hormones. The reports of Siopes (2001) and Siopes and Proudman (2009) , using only photoperiod manipulation, indicate a requirement for LD and thyroid hormones of at least 12 wk to be minimal and 19 to 20 wk maximal for initiating PR. This is consistent with the often-reported observation that LD and thyroid hormones are essential for both photoinduced gonadal development and PR and that the former (i.e., photoperiodic drive) develops faster than the latter.
We conclude that thyroid hormones play a role in the reduced photoresponsiveness (i.e., relative or partial PR) of juvenile female turkeys, and they also play an important role in the age at which hens may be photoinduced to egg production. In addition, thyroid hormones are required for egg production and a transient deletion of thyroid hormones during the first 12 wk of photostimulation does not alter subsequent egg production or PR. Taken together, these results suggest that significant advancement in the age of photoinduced egg production in commercial flocks may be underlain by a better understanding of the role of thyroid hormones in photosensitivity-PR. In contrast, 48-h photostimulation produced abundant staining in the ependymal layer and extending throughout the neuropil in both control and propylthiouracil-treated hens (panels B and C, respectively). There was no treatment difference. Magnification bar = 100 μm. III V = third ventricle.
